Abstract-This paper proposes a practicable navigation method for multiple mobile robots in a realistic environment. In the past, many navigation methods have been developed, however, they were often limited to a single robot or sometimes assumed robots with special mobility such as holonomic ones. From the viewpoint of practical applications it is indispensable that the number of robots is arbitrary, general shape and mobility of them are allowed.
I. INTRODUCTION
The expectation for the autonomous mobile robot which can be operated in the environment such as the office, the hospital and the house is growing. The key technology to realize such an autonomous movement robot is guidance by the navigation and by the sensor information. There are some leading studies and development which pointed practical operation about this field, for example, "Xavier"(CMU) [1] , "YA-MA-BI-KO"(Tsukuba Univ.) [2] , "JIJO-2"(National Institute of Advanced Industrial Science and Technology -AIST) [3] . In their studies and development, a field test was performed and the robust operate-ability was shown. But these methods have limitations of just being applicable for one mobile robot.
We had developed the delivery robots system [4] in the past. However, the system was limited to static environment without taking into account dynamic obstacles such as human beings. Moreover, the system can only adapt to holonomical movement robots. Because of robots working in human being coexistence environment, we required the system to handle such as dynamic objects, and to manage non-holonomical movement mechanism for running robustly and the maintainability.
To solve them, we proposed the navigation method which operates two or more non-holonomic movement robots in the practical environment [5] . Because the method focus on the efficiency of the movement, it sometimes causes the confusion situation stochastically.
In this paper, we propose the navigation method which can operate robots with stability, instead of do not requesting the improvement of the movement efficiency. And we evaluate the performance by the simulation experiments.
II. PROBLEM SETUP
As described at the previous section, we aim to activate the robots in an office, a hospital and a residence. In these situations, it is difficult to make the environment only for robots. Moreover, it is more desirable for two or more robots work in parallel in order to provide many services for many people.
The problem setup and the precondition are defined as follows.
i) The floor movement in indoors -We assume the mobile robots to move at one floor in the building, and the floor is smooth for mobile robots to move. ii) Navigate the mobile robots to reach the goals while avoiding the obstacles -We assume the proposed method to navigate the mobile robots for reaching the goal while each robot avoids static obstacles, movable obstacles, etc. in work space. We assume each robot heads for a different respectively destination. We don't handle the duty at the work level such as Delivery System, Information Desk, Guard Robot System and Cleaning Robot. iii) The shape and the movement type of the robot -
The proposed method assumes that the environment of mobile robots is 2 Dimensions, and the shape of all robots and all obstacles in work space are arbitrary.
The movement is non-holonomic by differential drive steering system (powered wheel steering), and it is possible for robots to turn at the point. iv) The arbitrary number robots -To be practical mobile robots system in the actual environment, it's required that the robots of the arbitrary number can be employed without a collision or a deadlock. v) The information on the work space -The system presupposes that it has the maps, the static environment map which describes fixation layout and the dynamic environment map which contains positions of the mobile obstacles such as people or robots.
The present position of a movable obstacle will be acquirable correctly (about tens of millimeters) in realtime (from hundreds of milliseconds to 1 second) by the information infrastructure system of the side of the environment or the sensor system built-in the robots [4] . For the details with the precondition not to be described here, we will describe detail them in the following sections.
III. THE PROPOSED NAVIGATION METHOD
In this section, we describe the navigation method dealing with problem setup described as section II.
Off-line planning scheme [6] in which a path is planned first and then a robot moves along the path, is not suitable, because it can't be applied in the dynamically changing environment. Potential method [7] and Sensor based planning [8] can't assure the dead-lock free navigation, because we have arbitrary floor map. Plan Merging [9] [10] and Ct space [11] can't also assure the dead-lock free navigation. Probablistic Roadmap is unsuitable, because it comes to try and error and it is too probabilistic instead of it gives highspeed search.
In the proposed method, the cycle is repeatedly execute, acquisition of the information, path planning and some movements along to path planning. We prepare an environment model and an approximated C-Space [12] [13] is generated from the model and A * search [14] is carried out in this C-Space. Hereafter, details will be described.
A. Deadlock Free Navigation with Many Robots

1) Basis of Algorithm for Navigation:
In the proposed scheme, the same processing is sequentially applied to each robot. The processing flow is shown in Fig.1 .
The processing of each block is shown as follows. i) Update position and posture information of all robots and all obstacles in the work space. ii) Search a path for a robot from current position to its goal. In this time, the other robots regard as static obstacles. iii) If there is the path to the goal, the robot moves the short distance along the path. If there is no path or the Statical deadlock-free is guaranteed by theorem 1, when we execute the processing described before III-A.1 under the following conditions. Condition 1: Initially, robots aren't in statical deadlock condition.
Condition 2:
The robots which reached their goals don't hamper the move of the other robots and are possible to be ignored.
Condition 3: The obstacles in its position and posture don't change.
We consider as the position of each goal is accepted Condition2, when the work level (see Problem Setup ii) sets the goal. The easiest method to accept Condition is sets the goal to the garage or entranceway where does not hamper the other robots.
Theorem 1: Until all robots reach their goals, at least one robot is movable for the goal.
Proof: The proof of the theorem is given based on "reduction of absurdity". We supposed all robots which don't arrive their goals become unmovable toward their goals. Let's take a look at the robot that moved last among the robots which became unmovable. At least one robot is moved from condition 1. After the robot moved last, the other robots don't move, the position and posture of obstacles are invariant by condition 3, and those robots which had reached the goals can be ignored by condition 2. Therefore the situation which allowed the robot to move toward its goal doesn't change. So the robot can still move. However, it contradicts the supposition. Finally, at least one robot is removable for its goal.
We guaranteed statical deadlock-free by the theorem 1.
3) Implementation of Algorithm for Navigation: If the navigation system executes basic algorithm as described above, all robots except one robot must suspend and wait while one robot executes searching and moving. It is very non-efficiently and non-practical for application. Thus, we propose additional algorithm to implement, to be useful for moving more robots at the same time.
The outline of implementing algorithm is to give the exclusive possession of the area for moving. In the basic algorithm, the navigation system handles other robots as obstacles to avoid collision. In the implementing algorithm, the navigation system handles not only other robots but also the scheduled moving path as obstacles. When the system plans a path, if there is the path for a robot to its goal, the system reserves the short distance of the path as exclusive possession of the area and plans the path for next robot in no time. Coincident with planning for next robot, the robot which gave exclusive possession spend time to move along the path. While the robot moves, a control system on the robot manages to keep oneself not jut out of area where the robot had exclusive possession. Yet, It is described later section III-C that "the short distance" of the path as exclusive possession of the area.
The processing flow is shown in Fig.2 . The navigation system executes this flow the number of robots in parallel. The processing of each block is shown as follows.
i) The navigation system flow (it executed parallel) waits to become the control system on the robot can be accept next order. ii) When the control system becomes to be able to accept next order, the navigation system flow requests the semaphore (binary semaphore) to reserve exclusive possession of the area. The semaphore is permitted only to one at the same time by first-in first-out priority. If the navigation system flow takes the semaphore, it continues this flow. If not, it waits for taking the semaphore. iii) Update position and posture information of all robots and all obstacles in the work space. In addition, it updates information of exclusive possession by other robots. iv) Search a path for a robot from current position to its goal. v) If there is the path for the robot to the goal, the system sends the order to the control system on the robot. If there is no path, the navigation system orders waiting for a while to control system. The control system executes the order in parallel with the navigation system. When the control system finishes the order, the control system sends a signal to the navigation system. viii) Repeat from i) while the robot doesn't reach to the goal. In the implementing algorithm, theorem 1 is also correct. The proof is as follows.
Proof: (Reduction to absurdity) We supposed all robots which don't reach their goals become unmovable toward their goals. Let's take a look at the robot that reserved exclusive possession of the area last among the robots. After the robot reserved last, the other robots don't reserve exclusive possession, the position and posture of obstacles are invariant by condition 3, and those robots which had reached the goals can be ignored by condition 2. Therefore the situation which allowed the robot to move toward its goal doesn't change. So the robot can still move. However, it contradicts the supposition. Finally, at least one robot is removable for its goal.
4) The Dynamical Deadlock-Free: "Dynamical Deadlock" means a situation that robots can't reach their goals because robots go and come according to the other robot (or robots) also going and coming. Sometimes Dynamical Deadlock might be generated though we got statical deadlock-free and the robots find the path to their goals.
Dynamical deadlock-free is guaranteed by theorem 2, in the addition of the following conditions to the condition 1,2,3 described section III-A.2 .
Condition 4: Each robot stops and waits until it can find the same or a shorter time required path to the goal than the past shortest time required path planned for the robot. 
B. Path Planning
In the proposed navigation method, it is required that path planning for each robot from current position to its goal. We use A * search in approximate C-Space [12] [13].
1) Search Space for Path Planning:
Regarding the robots with arbitrary cross-section described in problem setup iii, approximate C-Space are provided which are discretized into square cells. The robots posture and the direction of robot motion are limited to every 45 degrees.
In inspection of the move propriety for the case of movement in path planning, it uses the slice of approximate CSpace which was swept shape in the movement at every 45 degree angle. In the case of rotation, it uses the slice during 45 degree angle. It has 16 slices all together, the moving side by side movement and the rotation movement.
When constructing the approximate C-Space, the slices for inspection of movement ( 0, 45, 90, · · · , 315
• ) were swept with C-Patch [16] , and the slices for inspection of rotation ( 0-45, 45-90, · · · , 315-360
• ) were swept with C-Obstacle [15] .
2) The Method of Path Search: We use A * search [14] , for the path search in the approximate C-Space. According to A * search, the statical optimal path can be found and the suitable computing time can be obtained.
The index value of path is determined by summation of move distance and the number of times of turn (Table I ). In addition, the index value moving backward was set to 20 percent extra of the index value moving forward because the forward move is prior to the backward.
The heuristic value of path is determined and hold by the result searched path from a goal to all the areas, using only static information when fixing a goal. Thereby it, the heuristic value approaches a true value of path and it is advantageous. 
C. Basic Unit for Movement
The unit of the movement is set as the robot move to the next cell ( when describe by the distance, length and width is
) . The unit of the rotation is set as the robot rotate to 45 degree.
The performance of parallelism will be down when the number of steps described v) at section III-A.3 is greatly set. But the waiting time of the control system on the robot increases perhaps when the number of steps is set small. The number of steps is set according to the entire architecture. We set the number of steps to one step because the shortest processing time is necessary when set it to one step.
IV. EXPERIMENTS
A. Simulation Results
Example of results in the simulation of proposed navigation method is shown Fig.3 and Table II Table I , and the center line marks of robots show the moving directions of each robot in Fig.3 .
The amount of movements and the time required from each start to its goal are shown in Table II . For comparison, we also indicate the results which only one robot moves on the path of ideal. This simulation is performed on i386 architecture PC ( CPU : Pentium R 4 2.40B GHz , Memory : PC2100 512MB ) with FreeBSD 4.11-STABLE.
Second example of results in the simulation is shown Fig.4 and Table III . In this simulation, the room and passage are narrow and thin. The size of the whole area is 7.00 m × 8.00 m . A cell size of approximate C-Space is 70 mm × 70 mm . The number of total cells is X 100 × Y 115 × slice 16 = 184000 [Cell] . Table IV shows the average time which required of making approximate C-Space for one robot with static and dynamic information by simulation 1 and 2. The average time which required of searching the path for one robot in the approximate C-Space by simulation 1 and 2. The worst time which required of evaluating all the path for one robot in the approximate C-Space with C-Space size is 100 × 100 × 16 = 160000 [Cell] . The time required for searching the path changes depending on various factors of the number, width, and the congestion of the passage, but the worst case is evaluating all. The time required for making approximate C-Space is only depending on the number of robots.
B. Evaluation
In all the simulation results, all robots reached their goals by a steady movement with statical and dynamical deadlockfree. Without statical nor dynamical deadlock. The length of the path is deteriorate only few percent than the ideal. The time required is improved 20 or 50 percent than method of one by one.
When comparing the proposed method with the method of one by one, the number of rotation is same. It means, the number of rotation has been decreased, because the cost for the rotation is heavy than the cost for the movement by 1.8 -3.8 times .
These simulation results are satisfactory that refers to the laboratory of the university and have narrow passages. In addition, we have done experiment in other environment and got good results, which environment is a big room without any furniture. Additionally, the feature in our method is to be able to correspond by seamless single system, even if robots work in big room that degree of the parallel becomes near the number of the robot, or if robots move in narrow passage that it is possible to move sequentially by one.
C. Consideration
At first, we discuss the application possibility to real robots. A robot completes a unit of the movement at 100[ms] when we assume the moving speed of the robot to 0. . The navigation system should complete the path planning and transmit the orders before the robots complete their job.
In the simulation of the worst case which shown in Table IV , the navigation system completes in the time. In the proposed simulation 1 and 2, the navigation system would complete in the time even if the number of robots are increased two or three times. In the worst conditions, since movement is difficult and the robots often stop, restrictions of time become looser, so that it's no problem if the processing time becomes longer. If you want do with in the time by all means, it is possible extending the limit time by increasing the number of steps described at section III-C . ( If the number of steps was increased, the time until the robot finishes working expands. )
When the quality of search is considered, by using A * search a setup of weight of move cost is possible, the weight of cost according to the move characteristic is possible for every robots, and then it is also possible to choose the high weight move path of evaluation. In addition, using weight of move cost, weight by the path itself is also possible and flexibility is also high, for example, a domain where we don't want robots to move, a domain where we give high level priority to allow robots to move, and we set the left-hand movement as a higher priority. Note that in these simulations, a robot's communication delay, the communication and moving trouble, etc. are not considered. Although such troubles are also considered when in the real world. But as long as the robots are on a reservation area, the terms which deadlock-free conditions described in section III-A aren't broken, and influence isn't beyond the increase in the move time required.
At the end of this section, we discuss using proposed navigation in dynamical environment in which coexist with movable obstacles such as people and other robots system. It is considered that people's position are acquired with the sensor, and the dynamic environment map which contains positions of the mobile obstacles such as people or robots. The proposed method treats human as an obstacle only when detected by the sensor, robots move or stop to avoid the collision with human. At this time, Condition 3 ( described in section III-A.1 ) is broken, and sometimes robots can't reach their goals while human is in the working area. But when human goes away from the working area, Theorem 1 and Theorem 2 is recovered and the robots regain deadlockfree. If human will go away from the working area at some time, the proposed method can be used.
V. CONCLUSION
The simulation experiments showed that the proposed method can navigate arbitrary number of non-holonomical mobile robots to perform a deadlock free and suitable time processing at enough speed. By our simulation results, it showed that the proposed method can be used in a practical use. Now, we examined the proposed method in the exhibition [17] for one robot and one obstacle. We are installing the system into the actual and multiple mobile robots system. For future work, we will extend this system to a higher level navigation to adopt to multiple-purpose mobile robots and movable obstacles.
